ABSTRACT Thirteen plant species were tested for their suitability as hosts for Abagrotis orbis (Grote), a climbing cutworm pest of grapevines in British Columbia. Choice tests were also conducted to investigate larval feeding preferences for the Brassicaceae species joi choi, Brassica rapa variety. Chinensis L., spring draba; Draba verna L.; and shepherdÕs purse, Capsella bursa-pastoris (L.) Medik; compared with postdormant buds of grape, Vitis vinifera L. (Vitaceae), and leaves of nine other plant species from several families. Results showed that tah tsai, Brassica rapa L. variety rosularis (M. Tsen & S. H. Lee) Hanelt (Brassicaceae), is a superior host for A. orbis based on shorter time to adult eclosion, heavier pupae, and higher rates of survival. Later-instar larvae died when fed draba, whereas those reared on shepherdÕs purse did not survive beyond the third instar. White clover, Trifolium repens L. (Fabaceae), and grape leaves were unsuitable hosts throughout development. Fifth-instar A. orbis preferred plants of the Brassicaceae family, dandelion, Taraxacum officinale Weber (Asteraceae), and strawberry, Fragaria sp. L. (Rosaceae), compared with postdormant grape buds. The results of this study suggest that the winter annual mustards draba and shepherdÕs purse that often grow abundantly in vine rows might help reduce climbing cutworm damage to the buds of grapevines.
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Abagrotis orbis (Grote) (Lepidoptera: Noctuidae) larvae that are polyphagous on a wide range of hosts from several plant families including the buds of woody plants such as blueberry, Vaccinium sp. (Ericaceae), and fruit trees (Lafontaine 1998 ) are the major climbing cutworm pest of grapes, Vitis sp. (Vitaceae), in south central BC, Canada (Lowery 2006, Lowery and Mostafa 2010) and the PaciÞc northwestern United States (James 2010) . Affected buds are hollowed out and shoots that subsequently develop from secondary buds are often not fruitful or fruit ripens later or unevenly, which reduces the quality of the wine (Pettit 1933 , Dibble et al. 1979 , Lowery and Mostafa 2010 . Very little has been published regarding the host range or feeding preferences of A. orbis, and the inßuence of particular species of plants found in vineyards on the severity of cutworm damage is unknown.
We have previously observed an apparent relationship between the presence of spring draba, Draba verna L. (Brassicaceae), and shepherdÕs purse, Capsella bursa-pastoris (L.) Medik (Brassicaceae), in vine rows in spring and reduced damage to the buds of grapevines by climbing cutworm. The objective of this research was to evaluate host suitability and larval feeding preferences for these plant species vis-à-vis postdormant grape buds. Feeding choice test bioassays and rearing studies for these two species as well as joi choi (Chinese mustard cabbage), Brassica rapa variety chinensis L. (Brassicaceae), were also compared with that of several other plant species, some of which occur commonly in vineyards. Several crop plants belonging to the family Brassicaceae were included, for it is known that concentrations of various bio-active compounds differ considerably between species and even between varieties within this plant family (Kliebenstein et al. 2001 , Hopkins et al. 2009 ). It was hoped that the results of this study would aid in the selection of plants that could be used as trap crops in vineyards to manage climbing cutworm damage to grapes. The winter annuals spring draba and shepherdÕs purse germinate in the herbicide treated vine rows in fall. Other species might be sown in late summer or early spring in cultivated drive rows to help prevent damage to the buds of grapevines.
Materials and Methods
Insect and Plant Culture. Abagrotis orbis used in these experiments were the progeny of moths collected as larvae from vineyards in the Okanagan Valley, BC, in the spring of 2007 and 2008 . Larvae were reared on pinto bean (Phaseolus vulgaris L.) -based diet at 15ЊC and a photoperiod of 16:8 (L:D) h according to the method of Lowery and Mostafa (2010) . After eclosion, adults were released into plastic cages (45 cm by 37.5 cm by 27.5 cm) made from storage totes (Rubbermaid, Wooster, OH). Wire mesh screen (3.2 mm) was glued to the top lip of the tote and a muslin sleeve was fastened to an opening (15 cm by 20 cm) cut into one side to allow entry. Cages were placed upside down on their lids. Newly emerged moths require a period of time under long day conditions to break reproductive dormancy (data not shown). They were, therefore, reared in growth chambers at 22ЊC and a photoperiod of 16:8 (L:D) h for 8 wk, after which they were transferred to chambers at 22ЊC and a photoperiod of 12:12 (L:D) h for mating and oviposition. Moths were provided a 10% sugar solution and Fruit Punch Gatorade (PEPSI-OTG Canada, Peterborough, ON) energy drink as sources of food from 10-cm-long braided cotton rolls (Richmond Dental, Charlotte, NC) inserted through small holes in the sides of 200-ml plastic bottles containing the solutions. Shelters for the moths were constructed from pieces of peg board (Ϸ20 cm by 15 cm) bolted together in three or four layers Ϸ0.5 cm apart. Eggs passed through the wire mesh onto sheets of wax paper placed over the lid and were collected every 5Ð7 d and transferred to 739 ml plastic sandwich containers containing leaves of joi choi as food for the newly hatched larvae. Containers were ventilated by poking a number of small holes in the lids with a probe.
Plants (AAFC, Saskatoon, SK, Canada) . Seeds were sown in 9-cm-diameter bedding pots in a mixture of potting soil (Pro-Mix, Premier Horticulture, Riviè redu-Loup, QC) and sterilized top soil. When plants had 2Ð3 true leaves they were transplanted into 15-cm-diameter pots. Plants were grown in a greenhouse under natural light augmented with high-intensity sodium vapor lamps to provide a photoperiod of 16:8 (L:D) h. Plants were watered as needed and fertilized with watersoluble 20 Ð20-20 or 12Ð36-12 (N-P-K) fertilizers on alternate weeks. Draba plants were also freshly collected as needed from an apple orchard at AAFC PARC, Summerland.
Grape leaves and buds were excised from potted plants initiated from rooted cuttings grown in the greenhouse in 15-cm-diameter pots Þlled with soil mix as described above. To simulate grape buds emerging from winter dormancy, potted vines with partially ligniÞed wood were moved into a growth chamber at 11ЊC and a photoperiod of 12:12 (L:D) h. After the leaves had turned color and had mostly dropped, the vines were moved to a 2ЊC-cold room with no supplemental light. After 6 Ð 8 wk, dormant buds, BBCH stage 1 (Lorenz et al. 1994) , were excised for comparison against postdormant buds, BBCH stages 5Ð7, taken from vines that had been moved from cold storage to the greenhouse 2Ð3 wk previously.
Host Suitability. Neonate A. orbis larvae were placed individually in 30 ml plastic cups (Solo Cup Co., Highland Park, IL) containing a thin layer of agar media and supplied fresh leaf tissue twice weekly or as needed. Larvae were examined twice weekly to determine developmental stage and dead individuals were removed and recorded. Late-instar larvae were moved to 60-ml plastic cups containing a mixture of sand and soil and supplied with fresh leaf material until pupation (Lowery and Mostafa 2010) , when their sex was determined. The last three abdominal sterna are partially defused in female pupae, whereas the penultimate sternum of males forms a pouch-like structure. The tip of the female mothÕs abdomen is blunt and hairy, whereas for males it is pointed and has apparent claspers (Buckett 1969) . Suitability of the host plants was determined by duration of the larval stage, survival to adult eclosion, days to adult eclosion, sex ratio, and pupal weights. Pupae were weighed 1 d after becoming fully sclerotized and darkened. Eleven cups of each plant species were replicated three times in a growth chamber at 15ЊC and a photoperiod of 16:8 (L:D) h.
Feeding Choice Test Bioassays. Feeding choice test bioassays with Þfth-instar A. orbis were conducted to compare their preference for draba, shepherdÕs purse, joi choi, or postdormant grape buds versus all other host plants. Fifth instars were used because damage to the buds of grapes occurs during the later stages of larval development. Pairs of discs (2 cm in diameter) cut with a cork borer from leaves of the test plants were weighed and placed near the outer margins of 9-cm-diameter petri dishes, four leaf discs per dish, such that opposing pairs of discs from one of the three mentioned plants or two postdormant grape buds were placed at 90 degrees to the discs from the other plant species. When buds were used in place of leaf discs they were cut from the vines along with a small portion of woody material. Twenty petri dishes were put in a plastic crisper (35 cm by 25 cm by 10 cm; Rubbermaid, Wooster, OH) lined on the bottom with a moistened sheet of tissue paper and securely closed. One larva was placed in the center of each dish and left to feed for 24 h in a growth chamber at 15ЊC and a photoperiod of 16:8 (L:D) h, when leaf discs and buds were gently cleaned of faeces and weighed. Replicates without larvae were also included to determine the amount of weight lost by leaf discs because of desiccation. A desiccation factor for each species of plant was determined based on the proportion of leaf mass lost over a 24-h period in the absence of larvae. The calculation of net consumption of leaf material was as follows: net mass consumed ϭ (initial leaf mass ϫ desiccation factor) Ϫ (Þnal leaf mass). The amount of each leaf consumed was categorized according to a scale ranging from 0 to 5, where 0 ϭ no feeding, 1 ϭ trace amount, 2 ϭ up to 25% of leaf consumed, 3 ϭ up to 50% consumed, 4 ϭ up to 75% consumed, and 5 ϭ 100% of leaf consumed. The locations of larvae were also recorded at the end of the bioassay.
Statistical Analyses. For the host suitability study, data for days to eclosion, pupal weights, and percent survival were analyzed using General Linear model of analysis of variance (ANOVA) (Systat 2007) . When treatment effects were signiÞcant (P Ͻ 0.05), separation of means was performed using TukeyÕs Test. Treatment differences for sex ratios were determined by contingency table analysis and multiple comparisons for proportions (Zar 1984) . For feeding choice test bioassays, pair-wise t-tests were used to examine differences in consumption between plant materials at probability levels of 0.05 and 0.01. Wilcoxon Signedrank tests were used to determine differences in feeding scales between plant materials at probability levels of 0.05 and 0.01 (Snedecor and Cochran 1980) , and 2 tests were used to examine differences in the Þnal position of larvae. Differences between signiÞcant means were determined using two-tailed probability value at levels of 0.05 and 0.01. Analyses were conducted using Systat 10, or later version, software (Systat 2007).
Results
Host Suitability. Survival to adult eclosion varied signiÞcantly because of the larval host material (F ϭ 2.4, df ϭ 9, P Ͻ 0.05) ( Table 1) . The highest survival rates were for A. orbis larvae fed dandelion (87%), tah tsai (85%), or lambÕs quarters (70%). Survival was 52% and 48% for radish and pinto bean diet, respectively, whereas only 12% fed garden sorrel survived. All larvae reared on draba, shepherdÕs purse, grape leaves, and white clover died during the larval stage (Table  1) . Draba and clover supported larval development beyond the third instar, whereas larvae reared on shepherdÕs purse or grape leaves died before reaching this stage. There were no signiÞcant differences in sex ratios for A. orbis reared on the various host materials based on contingency table analysis ( 2 ϭ 0.033, df ϭ 9, P Ͼ 0.05) ( Table 1) .
Rearing of A. orbis larvae on various host plants resulted in highly signiÞcant differences in pupal weights between treatments (F ϭ 47.8, df ϭ 9, P Ͻ 0.01) ( Table 1) . Larvae reared on joi choi and tah tsai produced the heaviest pupae, followed by those on radish, pinto bean diet, and mustard greens (Table 1) . Pupae from larvae fed garden sorrel and strawberry weighed the least. There were highly signiÞcant differences in the time from egg hatch to adult eclosion for the tested host materials (F ϭ 24.1, df ϭ 9, P Ͻ 0.01) ( Table 1 ). The shortest developmental times occurred for larvae reared on species of Brassicaceae other than draba and shepherdÕs purse, and for dandelion and lambÕs quarters; those reared on strawberry needed the longest time to eclose (Table 1) . Developmental times did not differ for larvae reared on strawberry and garden sorrel (Table 1) .
Feeding Choice Test Bioassays. During feeding choice test experiments Þfth-instar A. orbis consumed signiÞcantly more joi choi than all other plants except radish and tah tsai (Table 2) . ShepherdÕs purse was less preferred, with only grape, clover, and garden sorrel being consumed less. No signiÞcant differences were recorded between draba and shepherdÕs purse, mustard greens, radish or lambÕs quarters, but larvae ate more draba than arugula, grape leaves, dandelion, clover, garden sorrel, or strawberry (Table 2 ). Only tah For percent survival, pupal weights, and days to eclosion, means within each column followed by the same letter are not statistically different based on TukeyÕs Test (P Ͼ 0.05); treatment differences for sex ratio determined by contingency table analysis and multiple comparisons for proportions (Zar 1984) .
* Percent survival based on 33 larvae per plant species and 77 larvae for pinto bean diet.
tsai leaf material was consumed signiÞcantly more than draba (Table 2) . Resulting from slight differences in desiccation rates between trials, negative leaf consumption values (Table 2) were calculated for certain nonpreferred plant species. Based on ratings of leaf material consumed, A. orbis larvae ate more joi choi than all the non-Brassicaceae plants, shepherdÕs purse, or arugula (Table 3) . No signiÞcant differences occurred between joi choi and mustard greens, radish or tah tsai, but the average rating was higher for draba. Ratings of leaf consumption were signiÞcantly lower for shepherdÕs purse than for all other tested plants except grape, clover, and garden sorrel, which had lower values (Table 3) . When comparing draba to all other plants, the feeding scale was signiÞcantly lower compared with all other species of Brassicaceae except arugula, which did not differ (Table 3) . No signiÞcant differences were found between draba and lambÕs quarters or dandelion, whereas ratings for grape leaves, clover, garden sorrel, and strawberry were lower (Table 3) . SigniÞcantly more Þfth-instar A. orbis were located on joi choi at the end of the feeding choice test bioassays in comparison to lambÕs quarters, clover, garden sorrel, or strawberry. There were no signiÞcant differences in the proportion of larvae on joi choi than on grape leaves or Brassicaceae species other than draba and tah tsai (Table 4) . Proportions of larvae on leaf discs of shepherdÕs purse were signiÞcantly lower compared with arugula, mustard greens, tah tsai, dandelion, or strawberry, whereas no signiÞcant differences were detected between shepherdÕs purse and the remaining plant species (Table 4) . Among all Brassicaceous species only tah tsai had a signiÞcantly higher proportion of larvae located on it than draba. Greater numbers of larvae were found on draba than on shepherdÕs purse or grape leaves (Table 4) .
For all species of Brassicaceae, Þfth instars consumed more leaf material and ratings of the amounts eaten were higher than for postdormant grape buds (Table 5 ). Proportionately fewer (0.3) larvae were found on grape buds than on mustard greens, but the difference was not signiÞcant. Larvae ate more of the postdormant buds than grape leaves or garden sorrel; there was no signiÞcant difference between postdormant buds and white clover; and larvae preferred strawberry and dandelion over postdormant buds. The Þnal position of larvae did not always correspond with the amount of leaf material consumed, likely because larvae were better able to hide under .5 Ϯ 0.6/10.5 Ϯ 0.5 6.8, ** 55.3 Ϯ 4.9/3.6 Ϯ 0.9 10.7, ** LambÕs quarters 25.3 Ϯ 2.0/7.3 Ϯ 1.0 7.5, ** 8.3 Ϯ 0.9/45.8 Ϯ 7.9 4.6, ** 15.7 Ϯ 2.7/8.8 Ϯ 2.4 1.9, n.s. Dandelion 33.6 Ϯ 1.6/13.4 Ϯ 0.9 9.2, ** 13.1 Ϯ 0.7/15.3 Ϯ 1.0 1.8, n.s. 20.5 Ϯ 4.9/2.8 Ϯ 1.4 5.5, ** White clover 26.3 Ϯ 2.0/0.4 Ϯ 0.8 11.7, ** 16.5 Ϯ 1.2/3.5 Ϯ 1.8 5.2, ** 20.5 Ϯ 2.7/Ϫ2.6 Ϯ 0.8 7.8, ** Garden sorrel 23.2 Ϯ 1.5/Ϫ7.6 Ϯ 1.0 13.5, ** 14.5 Ϯ 1.0/4.6 Ϯ 0.7 8.1, ** 23.5 Ϯ 5.7/Ϫ7.3 Ϯ 1.3 5.2, ** Strawberry 25.5 Ϯ 1.9/9.6 Ϯ 0.7 7.6, ** 13.4 Ϯ 0.6/27.5 Ϯ 1.3 12.1, ** 31.0 Ϯ 3.1/16.9 Ϯ 1.8 4.2, ** Adjusted to eliminate natural desiccation of leaf materials. a Means followed by ** are signiÞcantly different at P Ͻ 0.01; means followed by * are signiÞcantly different at P Ͻ 0.05, and means followed by n.s. are not signiÞcantly different at P Ͻ 0.05 based on pair-wise t-tests. a Means followed by ** are signiÞcantly different at P Ͻ 0.01; means followed by * are signiÞcantly different at P Ͻ 0.05, and means followed by n.s. are not signiÞcantly different at P Ͻ 0.05 based on Wilcoxon signed rank test, (Snedecor and Cochran 1980) . leaf discs than buds. Postdormant grape buds were preferred over dormant grape buds based on all measured parameters.
Discussion
Phytophagous insects use plants available in their geographical and ecological range (Dethier 1954) , and it has been suggested that secondary plant compounds have been the foci of co-evolution between higher plants and phytophagous insects (Ehrlich and Raven 1964) ; the longer the interaction between insects and available hosts the stronger host selection can develop through tolerance, detoxiÞcation, or recognition and avoidance. The plants investigated in this study are not native to south central BC, suggesting a lack of coevolution between them and A. orbis larvae. As a follow up to this study, it would be interesting to assess the relationships of A. orbis larvae with native species of Brassicaceae.
Based on measures of growth and survival, tah tsai, dandelion, and lambÕs quarters were shown to be the most suitable hosts for A. orbis (Table 1) . Even though larvae fed joi choi developed the fastest and weighed the most, joi choi and radish were poorer hosts because of lower survival rates of 36% and 52%, respectively. Survival was even lower for larvae reared on arugula or mustard greens, and these plants resulted in intermediate pupal weights and days to adult eclosion. Garden sorrel and strawberry were only marginally suitable hosts for A. orbis (Table 1) . Despite surviving on white clover for a long time, larvae grew poorly and none pupated, indicating that clover does not meet the nutritional requirements of A. orbis. Although they are pests of postdormant grape buds, A. orbis larvae died during early instars when fed grape leaves (Table 1) . Abagrotis orbis was also unable to survive on the two winter annual mustards, draba, and shepherdÕs purse. Larvae died on shepherdÕs purse during the Þrst three instars, whereas mortality on draba mostly occurred during the last three instars. When a separate group of 25 A. orbis larvae that had been reared to Þfth instar on pinto bean diet were transferred to shepherdÕs purse, they all died within a week (data not shown). These results might help explain previous observations that timing of weed control in spring and differ- a Means followed by ** are signiÞcantly different at P Ͻ 0.01, means followed by * are signiÞcantly different at P Ͻ 0.05, and means followed by n.s. are not signiÞcantly different at P Ͻ 0.05 based on 2 test and df ϭ 1. 8, ** a Means followed by ** are signiÞcantly different at P Ͻ 0.01, means followed by * are signiÞcantly different at P Ͻ 0.05, and means followed by n.s. are not signiÞcant at P Ͻ 0.05 based on pair-wise t-test for consumption, signed-rank test for feeding scale (Snedecor and Cochran 1980) , and 2 test for the Þnal position of larvae.
ences in groundcover vegetation, particularly the presence of draba and shepherdÕs purse, play a role in the dynamics of cutworm populations (Lowery 2006) . It is suggested that the presence of these mustards in the vine rows early in spring before bud break is associated with lower levels of cutworm damage. Further study is required to assess the effectiveness of these plants for the control of climbing cutworm in the Þeld and to determine ways to best promote the growth of winter annual mustards and other vegetation that will contribute to the management of these and other pests of grapes in south central BC. Despite Þfth-instar A. orbis consuming more joi choi than draba (Table 2) , ratings of feeding damage and the Þnal position of larvae were signiÞcantly higher for draba (Tables 3 & 4) . The only other plant species eaten more than draba was tah tsai ( Table 2) . Ratings of feeding damage and Þnal position of larvae did not always correspond with the amount of leaf material consumed (Tables 3 & 4) , perhaps because of the difÞculty rating feeding damage to draba leaßets in comparison to the leaf discs of other plants; larvae were also better able to hide under leaf discs compared with draba leaßets. Comparing shepherdÕs purse to the other plant species, Þfth-instar A. orbis consumed less and ratings of leaf area consumed were lower than for other species of Brassicaceae, dandelion, lambÕs quarters, and strawberry (Tables 2 & 3) . The proportion of larvae on shepherdÕs purse at the end of the trial only agreed with the amount consumed and the damage rating for shepherdÕs purse paired with arugula, Indian mustard, tah tsai, and strawberry (Table 4) .
Abagrotis orbis larvae overwhelmingly preferred species of Brassicacea, dandelion, and strawberry over postdormant grape buds, whereas grape leaves, clover, and garden sorrel were largely avoided (Table 5 ). The two plant species commonly found growing in vine rows in spring when cutworm larvae attack postdormant grape buds are the winter annual mustards draba and shepherdÕs purse. Our choice test results show that, except for tah tsai, A. orbis prefers to feed on draba even though none survived to pupation on this host. ShepherdÕs purse, however, was less preferred than most other plants. It has been shown to contain alkaloids (Hegnauer 1964) that are tolerated or detoxiÞed by specialist herbivores such as the red turnip beetle, Entomoscellis americana Brown (Gerber and ObadoÞn 1981) . These compounds are toxic or inhibit the growth of other insects (Schmeltz 1971) , such as grasshoppers and Colorado potato beetle, Leptinotarsa decemlineata (Say) (Harley and Thorsteinson 1967, Hsiao and Fraenkel 1968) . It is commonly held that the restricted diet of oligophagous insects normally prevents them from eating harmful plants (Dethier 1980) . Although many polyphagous insects such as the Japanese beetle, Popillia japonica Newman, and the Asian armyworm, Spodoptera litura F., show no feeding aversion learning (Potter and Held 1999, Ghumare and Mukherjee 2005) , the polyphagous caterpillars Diacrisia viriginica F. and Estigmene congrua Walker developed food aversion learning toward the harmful plant Petunia x hybrida Hort. x Vilm (Dethier 1980) . On the contrary, the oligophagous tobacco hornworm, Manduca sexta (L.), displayed a lack of feeding aversion toward the same plant (Dethier and Yost 1979) . Our results suggest that A. orbis larvae have mixed responses to toxic host plants. Larvae were averse to feed on shepherdÕs purse, but draba was preferred. We suggest that the feeding aversion ability of A. orbis larvae might explain the difference in feeding preference to these two species of winter annual mustards.
Feeding preference of Þfth-instar A. orbis for the toxic host draba over postdormant grape buds perhaps is explained by a lack of feeding aversion. A preference for other plants that are nontoxic and highly suitable for larval development, e.g., tah tsai and dandelion, suggests that these plants may contain nutrients essential for larval development, or that they contain chemical clues that mediate food choice. Joi choi and tah tsai are two different varieties of Brassica rapa. Individuals fed the two plants did not differ in pupal weight or days to eclosion, but survival to adult eclosion was signiÞcantly lower on joi choi. Similar to our results, it was previously shown that survival of the polyphagous bertha armyworm, Mamestra configurata Walker (Noctuidae), and the diamondback moth, Plutella xylostella (L.), differed signiÞcantly between Brassica varieties (Idris and GraÞus 1996 , Ulmer et al. 2001 , Sarfraz et al. 2006 .
Our data suggest that plants can be categorized into several broad groups based on host suitability and feeding preferences of A. orbis. Some preferred plants, including tah tsai and dandelion, are also the most suitable larval hosts, likely because of the presence of sufÞcient essential nutrients and lack of toxic compounds. Other preferred hosts, such as draba, do not support the growth of larvae, most likely because of the presence of toxic compounds, such as glucosinolates, that are well documented for the Brassicaceae (Hopkins et al. 2009 ). Glucosinolate proÞles vary considerably within species and among cultivars of Brassicaceae, evidently the result of a modular genetic system that regulates their concentration and diversity (Kliebenstein et al. 2001) . At the other preference extreme, larvae avoided feeding on grape leaves and failed to develop on this host. Another group of plants that includes garden sorrel are marginally acceptable hosts for the development of A. orbis and are less preferred.
It would be desirable to study in greater detail the relationship between these species of climbing cutworm and the plants used in the current study, as well as other plants associated with their habitats. More speciÞcally, the effects of different chemical compounds from these plants on cutworm feeding preferences and larval survival needs to be investigated. Discovery of feeding attractants and compounds that effect larval survival might provide useful tools for the management of cutworm populations in vineyards.
